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Abstract 
The potential advantage of using superconducting materials in electrical devices is well described in the literature. 
The electromagnetic properties of these materials make them unique for several applications, such as, e.g. electrical 
machines and drives, fault current applications, or superconducting magnetic energy storage.  
In the development of electromechanical conversion devices, superconducting materials are used foreseeing mainly a 
decrease in the device dimensions or a performance improvement for the same active volume. To guarantee a good 
application of this kind of materials it is important to describe and model the phenomena that characterize their 
operation under different regimes.  In this paper, a study based in FEM simulations of a motor with bulk 
superconductor in the rotor is carried out, with the purpose of understand, quantify and qualify which phenomena are 
present in the different regimes of the motor, leading to obtaining an equivalent electrical circuit with lumped 
parameters. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
One century after the discovery of superconductivity, superconducting materials, and mainly high 
temperature superconductors (HTS), have been introduced in applications of diverse types and 
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dimensions, such as measurement instruments, namely superconducting quantum interference devices [1], 
electronics [2, 3], magnetic levitation (MAGLEV) trains [4], ships [5] and even small airplanes [6, 7]. 
Concerning the development of electrical machines with integration of superconducting materials, new 
devices were envisaged, like trapped flux machines, and some conventional were improved [8-10]. Drum 
hysteresis motor was one these, were the ferromagnetic material of the core is replaced by bulk HTS. Like 
in the conventional machine, the HTS hysteresis motor shows both synchronous and asynchronous 
regimes, although the base phenomena are quite different in these devices. Magnetic losses are the origin 
of torque in conventional hysteresis motors, while pinning properties and flux flow dictates synchronous 
and asynchronous behaviour of superconducting hysteresis motors.  
Electrical motors are typically characterized by means of an equivalent electric circuit (EEC). The per 
phase conventional hysteresis motor EEC is shown in Fig. 1.(a), where I  and U are the current and 
voltage phasors, R  is the resistance, X  the reactance and O  the leakage reactance; s  is the slip, and 
subscripts s , r , m  and p denote stator, rotor, and magnetizing and iron losses, respectively. All 
quantities are referred to the stator. This model will be applied to the superconducting motor. In Fig.1.(a) 
the parameter rR s  is now an artificial resistance proportional to flux flow losses in the HTS material and 
 1rR s   is proportional to the mechanical output torque. The analysis of EEC in Fig. 1.(a) allows 
writing common circuit equations, shown in Fig. 1.(b), to obtain the phasors of magnetizing voltage and 
current, and current in the rotor, as well as the equivalent impedance of the rotor, rZ c . The relation 
between the mechanical power, mecP , and the artificial resistance _r mecR , with _ (1 )r mec rR R s    is given 
by 
2
_mec r mec rP R I    (1) 
The mechanical power is obviously proportional to the mechanical torque and speed, namely mecT  and 
mecZ ,
mec
mec
mec
T
P
Z
   (2) 
Combining (1) and (2), it is possible extract the value of _r mecR . The Joule losses in the rotor, jrP , are 
given by 
2
_jr r loss rP R I    (3) 
where _r loss rR R s  .The rotor’s joule power losses can also be calculated by means of the internal 
power, intP , transmitted to the airgap from the stator, and the mechanical power, given by  
jr int mecP P P    (4) 
where int elect jsP P P  , electP  is the electrical power supplied to the motor, and jsP  corresponds to the 
Joule losses in the stator windings. 
Combining (3) and (4) it is possible to extract the artificial resistance proportional to the HTS losses, 
_r lossR .
In this paper a first stage of the analysis of a HTS hysteresis motor is performed using results from a 
FEM simulations. The electric equivalent circuit is defined and some results are predicted based in circuit 
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analysis of the EEC. 
(a) b) 
Fig. 1. (a) Equivalent electric circuit (EEC) of a hysteresis motor (per phase); (b) EEC mathematical equations. 
2. Simulated system 
The simulated system, shown in Fig. 2 and with dimensions defined in table 1, is based in a drum-type 
HTS hysteresis machine, built by a conventional stator, with a balanced three-phase voltage stator and a 
rotor made by bulk YBCO. The use of paramagnetic material in the rotor defines this machine as a 
circumferential flux machine.  
 The motor was simulated with a commercial finite elements algorithm software package, Flux2D, 
version 9.3.2. In this software, HTS materials are parameterized according to the E J  power law and 
Bean model 
 
1
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J
U U

    (5) 
where cJ  is the critical current density, cE  the electrical field criteria, n  the exponent, and 0U  a 
residual resistivity for convergence purposes. The following parameters were used in simulations: 
64.4 10cJ  u A/m
2; 410cE
 V/m; 15n   and 130 10U
 :·m. 
Fig. 2. Simulated HTS motor. 
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Table 1. Dimensions of the hysteresis motor 
 Dimension (mm) 
HTS outer diameter, 0D  29 
HTS inner diameter, xD  25.8 
Active length l   60 
Airgap 1 
3. Results 
Extensive simulations have been performed with the previously described motor. In order to 
characterize it, imposed speed simulations were run for a range of speeds between zero and synchronous 
speed (3000 rpm). The resulting torque-speed characteristic is plotted in Fig. 3.(a). It should be mentioned 
that only qualitative analysis of the torque are important at this stage. 
The HTS motor shows a torque nearly constant in the asynchronous regime. For speeds near 
synchronism, the torque decreases to nearly zero. This is the expected behaviour of this type of motors 
[12], both HTS and conventional.  
From simulation and (1) to (4), all the values needed to compute _r lossR  and _r mecR  were obtained and 
the characteristics as a function of rotor speed is plotted in Fig. 3.(b). In this figure are also plotted the 
values of _r lossR  and _r mecR  for the conventional hysteresis motor, obtained from [15]. Although toque-
speed behavior is similar for both cases, _r lossR  and _r mecR  show distinct dependence on speed that must 
be investigated in order to model correctly these HTS motors. 
                 
Fig. 3. (a) Torque-speed characteristic obtained in FLUX2D simulations; (b) Values of _r lossR  and _r mecR  in the HTS and 
conventional (Conv.) hysteresis motors.   
4. Conclusions and future work 
Both flux pinning and flux flow phenomena are present in HTS hysteresis motors. In the synchronous 
steady state condition, flux lines penetrate the material in discrete quanta supported by current vortices 
which are pinned, thus magnetizing the rotor. A torque is generated and the rotor follows the rotating field 
with synchronous speed, leading it by a certain angle. In the asynchronous steady state condition, the 
pinning centers act as of those of a viscous fluid and a slip appears leading to flux flow [14] and losses in 
the HTS ring.  
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The values of _r lossR  and _r mecR  show different behaviour in superconducting and conventional motors 
that must be investigates in order to clearly characterize HTS hysteresis motors.  
Torque in HTS hysteresis motors is nearly constant with speed, as in conventional hysteresis motors. 
Experimental measurements are being carried out in order to determine the lumped parameters of the 
equivalent circuit of a prototype motor. 
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